, 3, 6 PURPOSE. To qualify and quantify structural alterations in keratoconic corneas ex vivo by the use of second-harmonic generation (SHG) microscopy and two-dimensional fast Fourier transform (2D-FFT) analysis.
M ultiphoton microscopy (MPM) is an emerging technique that has been widely applied in the field of biomedicine. Using a near-infrared light source, MPM has advantages of increased imaging depth, intrinsic optical sectioning, and reduced photodamage that enables effective biological imaging at the microscopic scale to be performed. 1 This imaging modality has been applied successfully for visualizing physiologic and pathologic changes in many biological organs/tissue, including skin, liver, and lung. [2] [3] [4] In ophthalmology, the cornea is one of the ideal target organs for MPM imaging for its characteristics of high transparency, high structural percentage of collagen, and the outermost localization that makes noninvasive in vivo imaging possible. Many have successfully demonstrated the feasibility of MPM in corneal imaging. [5] [6] [7] [8] In particular, two-photon excited autofluorescence was used either to monitor the metabolic activities of cellular components or to visualize the presence of pathogens within the cornea. 9, 10 Second-harmonic generation (SHG) signal, a nonlinear optical effect derived from noncentrosymmetric structures such as collagen, provided useful structural information from corneal stroma that is composed mainly of type I collagen. 11 However, unlike any other tissues, a significant discrepancy between forward-propagating and backwardpropagating SHG (FSHG and BSHG) images was noted in normal transparent corneal stroma. 6, 8 FSHG signals showed the collagenous fibrillar structures within transparent corneas, whereas BSHG signals were much weaker and provided only an obscure outline of collagenous lamellae organization. A proposed explanation of the discrepancy between FSHG and BSHG images is the greatly reduced backscattering effect within a transparent cornea. 6 Nevertheless, a general outline of lamellae bundle was observed within large-area BSHG images in normal and keratoconic corneas, whereas this particular pathology preserved transparency to a variable degree. 7, 8, 12, 13 Therefore, in this work, we applied the two-dimensional fast Fourier transform (2D-FFT) algorithm for analyzing the correlations between FSHG and BSHG images in keratoconic corneas, to reinvestigate the potentials and clinical feasibility of BSHG imaging in transparent corneas.
METHODS

SHG Microscope
SHG imaging was performed on a custom-modified laser scanning microscope similar to ones described previously. 7, [13] [14] [15] [16] The 780-nm output of a titanium-sapphire laser (Tsunami; Spectra Physics, Mountain View, CA) was guided into an upright microscope. Two commercial microscopes (Olympus BX51; Olympus, Tokyo, Japan and a Nikon E800; Nikon, Tokyo, Japan) were used in this study. The laser light was reflected by the main dichroic mirror (700dcspruv-3p; Chroma Technology, Rockingham, VT) before it was focused onto the specimens with a long working distance water-immersion objective (XLUMPFLN ·20 W NA 0.95; Olympus). The same objective collects the 390-nm BSHG signals, which then passed through the main dichroic mirror, and are further selected by a secondary dichroic mirror and two band-pass filters (435DCXR and HQ390/20; Chroma Technology). A single photon counting photomultiplier tube (PMT) (R7400P; Hamamatsu, Hamamatsu City, Japan) records the signal. For FSHG signal detection, a tube lens was used for signal collection, and further separated by the same combination of dichroic mirror and band-pass filter as the BSHG detection. The FSHG signal was recorded by a PMT module (R5700P; Hamamatsu). A motorized sample stage controlled by the computer allows large-area tile scanning. The acquisition time for a single 256 · 256 pixel image covering 110 ·110 lm 2 is approximately 4 to 5 seconds. For large-area tile scanning, additional time is spent on the movement of the motorized stage. For example, the time to acquire a 5.5 · 5.5 mm 2 image is approximately 5 hours.
Specimen Preparation
Two specimens from partially excised keratoconic corneal buttons were obtained for SHG imaging during scheduled surgeries of penetrating keratoplasty. Slit-lamp examination found no significant scar in the Case I cornea and a central scar in the Case II cornea. For comparison, a discarded normal corneal specimen (Normal cornea I) composed of the anterior half of a stroma dissected by microkeratome (Moria Inc., Doylestown, PA) with a 350-lm head during routine endothelial keratoplasty, and two normal human corneas (Normal corneas II and III) not suitable for transplantation were obtained from a tissue bank (Minnesota Lions Eye Bank, Saint Paul, MN). Prior to multiphoton examination, corneal specimens were stored in 20% dextran (dextran T500; Pharmacosmos, Holbaek, Denmark) PBS To analyze the fiber orientation in FSHG and BSHG images, the 2D-FFT algorithm was used in the postprocessing of acquired images, implemented through a custom-developed scientific multidiscipline programming language (IDL 6.4; ITT Visual Information Solutions, Boulder, CO) program. Figure 1 shows a demonstration of our 2D-FFT analysis in determining the fiber direction of a rat tail tendon specimen. Specifically, Figure 1a is the grayscale BSHG image of a rat tail tendon. For 2D-FFT analysis, the image was first divided into equally sized domains. The smaller the domain size, the better is the ability of 2D-FFT analysis to differentiate the fiber directional changes within the image. However, a domain size that is too small displays an insufficient amount of fiber morphology for accurate determination of fiber direction by 2D-FFT analysis. Since the BSHG image of a rat tail tendon reveals a fairly uniform distribution of collagen fiber orientations (Fig. 1a) , we have divided the image into 8 · 8 domains, although a smaller domain could have been chosen. In this case, each domain is 32 · 32 pixels corresponding to an area of 14 · 14 lm 2 . Next, 2D-FFT analysis was performed on each domain, and a threshold value was set to transform the 2D-FFT images into a pattern with magnitudes of 0 and 1 (green patterns in Fig. 1b) , to delineate the contours of the 2D-FFT patterns. Quantification of the fiber geometry was performed by fitting the contour of the 2D-FFT image with an ellipse (red ellipses in Fig. 1b) , and the aspect ratio (AR) of the fitted ellipse, defined as the ratio of the major and minor axes, was determined (Fig. 1c) . The direction of the minor axis (red lines shown in Fig. 1a ) corresponds to the direction of the tendon fiber. 17 
RESULTS
Determination of Fiber Orientation from 2D-FFT Analysis
Simulation Test of 2D-FFT Analysis for Fiber Direction
To demonstrate the ability of our approach to effectively predict the quality of fiber geometry, we artificially created a fibrous pattern in the vertical direction that was gradually blurred by repeated operations of randomization. In each successive operation, random numbers were introduced in 10% of the original image. Figure 2a iterations of randomization result in increasingly blurry images and gradual degeneration of the 2D-FFT pattern from a line shape to a round shape, indicating a loss of directionality in the image. The fiber directions determined from 2D-FFT analysis are then projected onto the fibrous patterns (red lines in left column). The morphologic changes in the 2D-FFT patterns were also quantified by calculating the ARs of the fitted ellipses, which approaches 1 with increasing numbers of image randomization. Figure 2b shows the decreasing trend of AR and its approach to the value of 1 as the fibril texture blurred. In the iteration 199 image, the fibril structure in the initial image is no longer apparent, and attempting to apply 2D-FFT analysis leads to a nonsensible result. Therefore, when AR values fall below 1.3, or when the 2D-FFT pattern cannot be fitted with an elliptical model, we consider the domain not analyzable.
FSHG and BSHG Images of Keratoconic Corneas
To compare the morphologic features obtained from FSHG and BSHG images of the keratoconus specimens, large-area FSHG and BSHG images of normal human and keratoconus cornea specimens were obtained (Fig. 3) . Frequent bundlelike structures are found in the BSHG image (arrow in Fig. 3e ), which differs from the homogeneous pattern within a normal cornea (Fig. 3a) . This result agrees with BSHG imaging of our earlier work 13 that observed an arced pattern appearing in the region near the presumed apex. Similar architecture is also observed in a corresponding FSHG image (arrow in Fig. 3f ).
2D-FFT Analysis of FSHG and BSHG Images of Keratoconic Cornea
We further obtained depth-resolved images within the white boxed regions in Figures 3d and 3f and several areas in the normal cornea specimens, and analyzed the results by 2D-FFT algorithm. The resultant images are shown in Figure 4 together with that of a normal cornea for comparison. In Figure 4 , BSHG images of the normal and keratoconic corneas are divided into 3 · 3 domains for 2D-FFT analysis, with the red lines representing the determined direction of the fibril texture orientation for the analyzable domains. The lengths of the red lines have also been scaled to the corresponding AR value to allow a visualization of the variations in the aspect ratio. The FSHG images of the corresponding area are shown in the adjacent column for comparison. For the normal human cornea, fibril-like patterns were not generally observed in the BSHG imaging, and 2D-FFT analysis of the BSHG images did not show a preferential direction (Fig. 4) . However, 2D-FFT analysis of the selected regions of interest in both keratoconic specimens showed a preferential fiber direction (Fig. 4) . This feature was observed in both the anterior (0-100 lm) and posterior stroma (400-500 lm).
In addition to fiber direction, we also determined the averaged values of the ARs from the BSHG images of normal and keratoconic corneas. The average for the three normal human corneas were found to be 1.34 6 0.16, whereas the keratoconus cases I and II were found to be 1.66 6 0.42 and 1.72 6 0.44, respectively (Fig. 5) . For Normal cornea I, the ARs were determined from 173 · 173 lm domains covering 1 · 1 mm area and three depths, whereas the ARs for Normal cornea II and cornea III were averaged using 163 · 163 lm domains covering 0.64 · 0.64 mm area and all depths shown in Figure  4 . For the keratoconus corneas the AR averaging was performed using 190 · 190 lm domains covering 0.6 · 0.6 mm area and all depths shown in Figure 4 . Six sample t-tests comparing the three normal samples with the two keratoconus samples were used to analyze whether AR values obtained in BSHG images can effectively differentiate structural alterations for keratoconic corneas from the normal human cornea. With more than 90 domains used in each comparison, results of the t-tests show that the AR values in keratoconus corneas are statistically (P < 0.05) higher than that of normal human cornea.
In addition, we found that when the AR of a BSHG image is >2, the correlation of fiber orientations determined from 2D-FFT analysis of both FSHG and BSHG image is high. An example of this feature is illustrated in Figure 6 , where we show the BSHG and FSHG images of the selected region in Figure 4 (Case II keratoconus specimen, at the depth of 400 lm). We performed 2D-FFT analysis of the BSHG image as a single domain and displayed the derived fiber orientation in red. For the FSHG image that more clearly reveals the fibrous texture, we divided the image into 11 · 11 domains and performed 2D-FFT on each domain. The average angle derived from the analyzable domains of the FSHG image was 15.1 6 14.18, and the angle derived from the BSHG image was 7.58 measured counterclockwise from the horizontal. To examine the generality of this effect, we performed a similar analysis for all the FSHG and BSHG images of the Case II keratoconic cornea shown in Figure 4 , and determined the Pearson product-moment correlation coefficient between the derived angles of BSHG domains and the average derived angles of the FSHG domains. We found that when the calculated BSHG AR value is >2, the average correlation coefficient has a highly correlated value of 0.95, whereas when the AR value is <1.5, the correlation coefficient is 0.48.
DISCUSSION
In this study, we used SHG microscopy and a 2D-FFT algorithm to analyze FSHG and BSHG images of ex vivo keratoconic corneas. In the large-area FSHG and BSHG images covering the entire specimens (Fig. 3) , fibril patterns on the millimeter scale are observed in the two keratoconus cases. Large-area imaging of keratoconic corneas also suggests that structural alteration does not occur homogeneously in the corneal stroma. The localized collagen structural abnormality may account for the structural weakness, the accompanied slippage 18 of the stromal lamella, and the corneal protrusion. Moreover, indepth imaging shows that the fibril structure changes are observed not only in regions adjacent to Bowman's layer, as described in a previous study, 12 but also in the middle and posterior stroma.
Our results show that fiberlike patterns can be observed in BSHG images of keratoconus corneas. Quantitative 2D-FFT analysis verifies that BSHG imaging in keratoconus corneas displays more fibrous characteristics than those of a normal cornea. This phenomenon was quantified by calculating the AR. Our results show that even when there is no significant scar observed with the slit-lamp examination (Case I), increased fibril texture is observed in the BSHG imaging of keratoconus cornea with high AR. In addition, in a cornea with explicit fibril patterns in its BSHG image (AR > 2), the fiber orientation in BSHG imaging is positively correlated to the average fiber direction in FSHG. A possible explanation for BSHG's capability to reveal fiber patterns in a keratoconic cornea is that the stromal remodeling following the disruption of the fiber direction crossings between adjacent lamella collagen fibrils results in more uniformly directed collagen fibrils between adjacent lamella layers. [19] [20] [21] Another possible explanation is that keratoconus corneas are often thinner than normal corneas, which may affect the contribution of the backscattered FSHG signal to the BSHG signal. 22 However, in our thin normal cornea sample (Normal cornea I) composed of only the anterior half of the stroma, we did not observe any increase in fibrous characteristics (Fig. 5) , consistent with the other two normal thickness cornea samples.
Our results suggest that the ARs derived from quantitative 2D-FFT analysis of the BSHG images may be used as indicators of the progress of keratoconus. With suitable clinical arrangement, the methodology described in this work may be used as a qualitative and quantitative tool for diagnosing and monitoring cornea stroma abnormalities while the transparency is retained. Although the image acquisition speed of the scanning systems used in this study is too slow for practical clinical use, many techniques that significantly improve the image acquisition speed have been developed to address this issue. One method to increase the scanning rate is to replace the horizontal galvanometer scanners with a fast rotating polygonal mirror. 1, 23, 24 Another method is to use acoustic optical modulators in place of scanning mirrors for laser beam deflection, which not only increases the scanning speed but also performs random access scanning of multiple regions of interest. 25 The imaging acquisition rate has also been improved with multifocal scanning, which simultaneously scans multiple positions in an image. [26] [27] [28] Finally, the temporal focusing technique generates a signal over a large area of the imaging plane, allowing image acquisition at a greater speed than that of the conventional video rate. 29 Combining 2D-FFT analysis with a fast acquisition system, BSHG imaging of keratoconus may have the potential in clinical application as a noninvasive, effective diagnostic and monitoring system.
